Diversion of water for irrigation from the Yellow River has impacted groundwater quality in the North China Plain (NCP). In this study, by using geochemical and isotope methods, groundwater origin, the spatial distribution of trace metals, pollution sources, and health risks were evaluated. Groundwater is recharged from surface water. The primary pollution components in surface water were B, Al, Se, Zn, Mn, and Ni-with concentrations exceeding standards by 100%, 84.4%, 64.4%, 31.1%, 20%, and 2.2%, respectively. In groundwater, exceeding standard rates for those elements were 100%, 100%, 61%, 25.7%, 39%, and 4.9%, respectively. The spatial distribution of polluted metals in surface water and groundwater was correlated, indicating an irrigation-influenced spatial distribution of trace metals in the groundwater. The trace metals were introduced via anthropogenic and geogenic activities. Zinc poses the most serious non-carcinogenic hazard for local residents. The ingestion pathway is much more likely to lead to zinc toxicity than the dermal absorption pathway. The carcinogenic Cd and Pb could result in an increased cancer risk for individuals exposed to the water. Non-carcinogenic hazard and carcinogenic risk attributable to groundwater is serious in the regions traversed by the rivers in the study area.
INTRODUCTION
Groundwater quality is deteriorating worldwide because of pollution from lithogenic and anthropogenic sources, especially from intensive human activities, including agriculture and industrial production. Metals are the most persistent contaminants in the aquatic environment (Chai et al. 2010 , Li et al. 2014a . To protect human health, the World Health Organization (WHO) has developed guideline values and China has developed standards for regulating the maximum contaminant levels (MCL) in water for most metals (Li et al. 2014a) . Li et al. (2014a) found that, in groundwater in the Yellow River alluvial fan, concentrations of Fe, Se, B, Mn, and Zn exceeded drinking water standards by 3.8%, 23.1%, 11.5%, 11.5%, and 7.7%, respectively. Ç elebi et al. (2014) indicated that, in groundwater in the Melenwatershed, Turkey, the hazard quotient (HQ, see Eq. (4)) values were 6 for As, 2.7 for Mn, and 1 for Zn; an HQ > 1 is considered unacceptable. Water pollution has been considered to be a major barrier to sustainable water resources management because it threatens human health, and impairs prospects for agriculture (Zhu et al. 2013) . Therefore, determination of the spatial distribution of trace metals, identification of pollution sources, and assessment of the risk of trace metal contamination levels are critical for the management of groundwater resources and for limiting the potential for harmful consequences (Zhang et al. 2013a) .
Irrigation is the primary factor that has led to an increase in world crop production (Rose et al. 2013) . Irrigation water, however, is the carrier of pollutants that can be transferred to groundwater. Trace metals from agricultural sources and atmospheric deposition are directly discharged into streams without treatment, via surface runoff or rain water, and then penetrate into deeper soil layers. Eventually, via irrigation, they reach groundwater, posing potential health and environmental risks to human beings (Bichet et al. 2013) . As one of China's most important economic and agricultural regions, the North China Plain (NCP) is facing an increase in water demands in order to serve the rapidly increasing population and agricultural development. The irrigation project that diverts water from the Yellow River in the NCP is a typical one of the irrigation projects worldwide. Irrigation diversion from the lower reaches of the Yellow River has been occurring for more than 50 years (Qin et al. 2007 ). Because of their non-biodegradable character, once trace metals enter into the aquifer, undesirable changes in groundwater quality occur .
A large amount of research has been carried out to assess the risk to water resources from irrigation districts in China and globally (Rattan et al. 2005; Wongsasuluk et al. 2014; Bharose et al. 2013) . Rattan et al. (2005) indicated that long-term irrigation with sewage effluents increased the amount of P, K, S, Zn, Cu, Fe, Mn, and Ni in groundwater. In an agricultural area in Ubon Ratchathani province, Thailand, Wongsasuluk et al. (2013) found high Pb levels, with an overall average Pb concentration of 1.7 × 10 −2 mg/L, which is well above the guideline level (1.0 × 10 −2 mg/L) established by the WHO (2006) . In order to gain a systemic understanding of trace metal pollution patterns and migration processes at the regional and landscape scale, Li et al. (2014a) applied isotope tracing tools to analyze the influence of surface-groundwater interactions on trace metal distribution in the Henan-Liaocheng Irrigation Area in the North China Plain (NCP). However, these previous studies are focused on trace metal pollution in surface water in the Yellow River irrigation areas (Li et al. 2014a; Song et al. 2012) , and little information is available for groundwater. It is not clear from these studies whether the Yellow River water and surface water affect the trace metal distribution of groundwater in this irrigation area. The severity of trace metal contamination and the extent of the associated health risk in the Yellow River irrigation area in the NCP are not clear.
Here we combined a trace metal concentration investigation with stable isotope analysis in the NCP to (1) trace the origin of groundwater; (2) describe the concentrations and the spatial distribution of 14 trace metals (Zn, Sr, B, Ba, Cd, Co, Cu, Mo, Al, Ba, Fe, Mn, Li, and V) in surface and groundwaters; (3) identify the sources of groundwater pollution; and (4) assess the human non-carcinogenic hazard and carcinogenic risk. These data will be valuable for managing public health and water sustainability.
METHODS AND MATERIALS

Site Description
The current study area, the Dezhou Irrigation District (DID), is located in the lower Yellow River and the NCP (Figure 1 ). Its coordinates are 115
• 45 to 117
• 36 E and 36
• 24 to 38 • 0 N. It is characterized by intensive agricultural and human activities and typifies the agriculture and water resources in the NCP. The DID has a total area of 10,300 km 2 and a human population of 5.6 million. The DID is on terrain ladder III in China, with a west-to-east elevation gradient of high to low. Annual rainfall is between 285.6 and 1033.7 mm with an average value of 587 mm. Most rainfall occurs between June and September, and this accounts for 75% of the total annual rainfall. Annual potential evaporation is between 900 and 1400 mm/yr. Annual mean temperature is 12.8
• C. Crops in this area are primarily summer maize and winter wheat, which require considerable amounts of water for irrigation (Li et al. 2008a) . Starting in 1972, irrigation projects that diverted water from the lower reaches of the Yellow River eased the shortage of fresh water resources. However, the DID is now facing a diminishing water supply and pollution of the groundwater. Over the years, the groundwater resources have become insufficient and vulnerable as evidenced by a decrease in the groundwater table levels as a result of over-exploitation (Shao et al. 2013) . Rivers in the current study area include the Yellow River, Wei Canal, Tuhai River, Zhangweixin River, Majia River, Dehuixin River, and their tributaries. Only 1.1 billion m 3 water resources, including 254 million m 3 from runoff and 882 million m 3 from the groundwater, are available in this region. However, the water requirement is 3.54 billion m 3 (2.86 billion m 3 for agricultural irrigation, 546 million m 3 for industrial production, and 136 million m 3 for domestic water use). The annual average amount diverted from the Yellow River is 1.5 billion m 3 , which accounts for about 33.7% of the total amount of city water resources. The effective irrigated area is 4.4 × 10 5 hm 2 (Wu et al. 2011) .
Sampling and Analytical Methods
Four water samples were taken from the main stream of the Yellow River. Forty-five surface water samples were taken from other rivers, irrigation ditches, and reservoirs, and 41 groundwater samples were collected from private, factory, and observation wells located in the DID. Surface water samples were collected manually at <1 m depth in the center of river. Five samples were collected and composited for each location. The composite was homogenized and immediately filtered through acidtreated millipore filters (0.45 μm mesh, disposable not reusable) into pre-cleaned polyethylene-terephthalate (PET) bottles. The filtered samples were acidified to pH < 2 with ultra-purified 6M HNO 3 , stored at 4
• C in the field, and then analyzed upon return to the laboratory.
The concentrations of trace metals (Cd, Co, Pb, Ni, Mo, V, Cu, Se, Ba, Mn, Al, B, Sr, and Zn) were determined using Inductively Coupled Plasma-Optical Emission Spectrometer (ICP-OES, PerkinElmer Co. Ltd., USA). Calibration curves were produced, using quality control standards, and used to evaluate data from each set of samples. Reagents, procedural blanks, and samples were measured six times in parallel and the average of the last three values was used, because the first three were used to clean the pipe to avoid pollution caused by the last sample. Then the average of the last three values was used as the result (Song et al. 2012) .
In order to more clearly understand the effects of metal distribution from surface water on groundwater, the isotopic compositions of oxygen ( 18 O 
( 1) where R sample and R standard are the measured isotopic ratio for the sample and for standard, respectively. All mathematical and statistical computations were made using SPSS 17.0. Cluster analysis (CA) was used to identify the relationships among the trace metals in groundwater and group their possible sources in this study (Casado-Martínez et al. 2009 ). The distance cluster represented the degree of association between elements. The lower the value on the distance cluster, the more significant was the relationship (Chen et al. 2010) . Inverse-distance weighted interpolation was used for demonstrating the spatial distribution of trace metals using GIS software version 9.3 for Windows.
Risk Assessment Index
Humans are exposed to trace metals through ingestion and dermal absorption. Considering these two pathways, non-carcinogenic hazards and carcinogenic risks to human health, associated with the trace metals analyzed, were assessed via a risk assessment model. Non-carcinogenic hazard and carcinogenic health risk assessment were determined by calculating the Hazard Quotient (HQ ) and chronic daily intake (CDI ), respectively. HQ and CDI were calculated using Eqs. (2) 
where D is exposure dose received through ingestion of water (D ingestion ) or dermal absorption (D dermal ) expressed in mg/(kg·day); C is the average concentration of trace metal in the water expressed in mg/L; IR is the drinking water ingestion rate, considered to be 2 L/day in this study (Adewuyi et al. 2014) ; EF is the exposure frequency, because the person is not in the region every day of the year, average 350 days per year in the region was used in this study (Adewuyi et al. 2014) ; ED is the exposure duration, 70 years in this study (Adewuyi et al. 2014) ; BW is the average bodyweight; 61.8 kg, in this study (Adewuyi et al. 2014) ; AT is the averaging time for non-carcinogens and carcinogens, 25,550 days (Adewuyi et al. 2014) ; SA is the exposed skin area, 18,000 cm 2 in this study (Adewuyi et al. 2014) ; K p is the Dermal Permeability Constant expressed in cm/h: 1.0 × 10 −3 for Al, B, Ba, Cd, Mo, Se, Sr and V; 2.0 × 10 −3 for Cr; 4.0 × 10 −4 for Co; 1.0 × 10 −4 for Pb; 2.0 × 10 −4 for Ni; and 6.0 × 10 −4 for Zn; ABS is the dermal absorption factor, 1.0 × 10
; ET is the exposure time, 0.2 h/day in this study; CF is the unit conversion factor, for water: 1 L/1000 cm 3 ; RfD is the reference dose for different analyses, expressed in mg/(kg·day), which is based on USA Risk (USEPA 2006 ). An HQ > 1 suggests that the water could possibly have deleterious effects on the residents' health (Karim 2011) . CDI is the carcinogenic risk through water ingestion. SF is the carcinogenic slope factor in μg/(g·d). SF values were available for Cd and Pb, and CDI was calculated to indicate the lifetime carcinogenic risk to the local population according to the SF .
RESULTS AND DISCUSSION
Relationship Among Different Waters and Groundwater Origin
Oxygen and hydrogen isotope analyses in different water bodies can be used to identify their interactions and the origin of groundwater (Zhang et al. 2013b) . In order to more clearly understand the effects of trace metal distribution in surface water on that in groundwater, we used the stable isotope ratios of waters to provide useful information on the origin of groundwater. The relationship between the δ 18 O and δD values of the investigated groundwater, surface water, and Yellow River water are shown in Figure 2 . δD values in groundwater varied from -71.4 to -46.2 with a mean value of -61.3 , and δ 18 O ranged from -9.5 to -5.9 with a mean value of -8.2 . δD values in surface water varied from -74.2 to -50.5 with a mean value of -58.9 , and δ 18 O varied from -10.4 to -6.4 with a mean value of -7.9 . δD values in Yellow River water varied from -61.8 to -56.9 with a mean value of -59.4 , and δ 18 O changed from -8.2 to 7.2 with a mean value of -7.8 . The averaged values of δ 18 O and δD of groundwater are significantly lower than the average values of δ 18 O and δD of Yellow River water and surface water in this area. This implies that groundwater was recharged from Yellow River water and surface water that converged by large rain water with heavy depleted isotope compositions (Zhang et al. 2013b ).
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The global meteoric water line (GMWL) defined as δD = 8δ 18 O+10 by Craig (1961) , is shown in Figure 2 . However, the relationship between the δ 18 O and δD values of rainfall can differ from one region to another-depending on different local climatic conditions (Hoefs 2009 Figure 2 ). Comparing the ratios of δD/δ
18 O values with LMWL, all water samples were close to or below the LMWL. This is commonly interpreted to indicate that surface water evaporation and reprecipitation was a main source of surface water and the groundwater in the study area. The slope of the LMWL, 6.3, is higher than the slope of the groundwater trend line, 5.9. This indicates an evaporative component, confirming the influence of rainwater on groundwater (Stoecker et al. 2013) . The values of Yellow River water are interspersed with those of the surface water and groundwater (Figure 2) , suggesting diversion irrigation from the Yellow River has a strong impact on surface water and groundwater in the study region. Actually, most surface water is directly or indirectly derived from Yellow River water in the Yellow River alluvial fan (Li et al. 2014b) . The proximity of values of surface water and groundwater samples also indicate a strong hydraulic connection between them, as evidenced by the similar slope of the regression curve with values of 5.6 for surface water, and 5.9 for groundwater. The lower average values of δ 18 O and δD in groundwater, compared to surface water, suggest that the groundwater accepted recharge from those surface water converged by large rain water with heavy depleted isotope compositions.
Concentration and Spatial Distribution of Trace Metals in Surface Water and Groundwater
Surface water, groundwater, and Yellow River water are the main water resources in the irrigation district of the lower reaches of the Yellow River. Five main rivers including the Wei Canal, Zhangweixin River, Majia River, Dehuixin River, and Tuhai River are used for irrigation in the research region. Most of the water is from the Yellow River (Figure 1 ). Typical statistics for trace metals in surface water and groundwater are shown in Table 1 . Zinc has the highest concentration in surface water, with an average of 10.6 mg/L. It is followed by Sr (1.4 mg/L), Al (0.6 mg/L),
, and Cd (2.0 × 10 −4 mg/L). Except for Al, Ba, Mo, and V, the average concentrations of the other trace metals are lower in the Yellow River than those in typical surface water samples. also indicated that, in the Henan-Liaocheng Irrigation Area, which is near the current study area, concentrations of trace metals in Yellow River samples are less than in other surface water samples except for Al, Fe, and Mo.
These results suggest irrigation diversion from the Yellow River increased the concentrations of trace metals, especially Al and Mo, in surface water in the lower reaches of the Yellow River. Concentrations of most trace metals in surface water were below the drinking water standard of China and the WHO's guideline (Table 1) . However, the concentrations of Al, B, Mn, Ni, Se, and Zn in surface water samples were 84.4%, 100%, 20%, 2.2%, 64.4%, and 31.1% above the standard, respectively. reported that the primary trace metal pollution components (Al, B, Mn, Se, and Zn) in the surface samples in the HenanLiaocheng Irrigation Area in the lower reaches of the Yellow River, collected in 2010, exceeded drinking water standards by 40.7%, 25.9%, 11.1%, 29.6%, and 14.8%, respectively. The increases in over-standard concentrations indicate that groundwater trace metal pollution in the lower reaches of the Yellow River has become more and more serious over 3 years. The increasing effluent from the paper mills and metal-processing industry has increased the river contamination. The deterioration of water quality in the rivers of this irrigation district has become much more serious since 1990 thereby decreasing drinking water safety (Liang et al. 2011; Zhang et al. 2013a) .
Measured concentrations of trace metals in groundwater in the study area, in decreasing order, were Zn
). The order in groundwater is nearly the same as that in the surface water. Zhang et al. (2013a) also found that the average concentrations of Zn were higher than other heavy metals in the same area in 2010. China has a much more strict drinking water standard than the WHO's guideline value, but the over-standard concentrations of Al, B, Mn, Ni, Se, and Zn found were 100%, 100%, 39%, 4.9%, 61%, and 25.7%, respectively. In comparison to surface water, the higher over-standard rates of groundwater indicate that trace metal pollution in groundwater is more serious than it is in surface water. Previous studies reported that groundwater had higher concentrations of trace metals in other irrigated agricultural areas all over the world (Li et al. 2014a; Zhang et al. 2013a; Rattan et al. 2005; Wongsasuluk et al. 2013; Bharose et al. 2013) . In an agricultural area in Ubon Ratchathani province, Thailand, an overall average Pb level of 1.7 × 10 −2 mg/L, exceeding the WHO guideline level (1.0 × 10 −2 mg/L) was reported (Wongsasuluk et al. 2013) . Concentrations of B, Fe, Mn, Se, and Zn in the groundwater exceeded drinking water standards by 11.5%, 3.8%, 11.5%, 23.1%, and 7.7%, respectively, in the Henan-Liaocheng Irrigation Area, China (Li et al. 2014a) . Concentrations of Fe, Mn, Se, and Zn in groundwater exceeded the relevant standards and the percentage of samples above standards was 27.1%, 27.1%, 15.3%, and 5.1%, respectively, in the irrigation district of the Lower Reaches of Yellow River (Zhang et al. 2013a ).
In the current study area, concentrations of the same six trace metals (Al, B, Mn, Ni, Se, and Zn) exceeded the relative standards both in surface water and groundwater (Table 1 and Figure 3 ). Due to a strong hydraulic connection between surface water and groundwater (Figure 2 ) and groundwater derived from surface water recharge, trace metals in surface water could reach groundwater by penetrating deep soil layers (Zhang et al. 2013) . The spatial distribution of these six trace metals in surface water and groundwater seems to be correlated (Figure 3 ). This is especially true for Mn and Zn, somewhat less so for Se and Al, and not very apparent for B and Ni. The stronger spatial associations support the hypothesis that irrigation has a strong impact on the spatial distribution of trace metals in groundwater. This result is consistent with the result of Rattan et al. (2005) , who found that long-term irrigation with sewage effluents increased the amount of trace metals, such as Zn, Cu, Fe, Mn, and Ni, in groundwater.
Source of Trace Metals in Groundwater
The results of CA are shown in a dendrogram that groups the 14 elements into three main distinct clusters (Figure 4 ). The first cluster is Zn, which was assumed to be contributed by anthropogenic activities. The average concentrations of Zn were the highest among the 14 analyzed trace metals in the DID (Table 1) . Zinc and its salts are used to manufacture goods and are added to agricultural fertilizers in the study area. Zinc contamination generally enters water in agriculture areas through two pathways: identifiable point sources such as industrial effluents and diffuse sources such as agricultural runoff . The overstandard concentration of Zn is 31.1% in surface water and 25.7% in groundwater in the current study area. The spatial distribution map (Figure 3) , with reference to the political map (Figure 1) , shows that Zn concentration is high in groundwater in Qihe, Qingyun, Lingxian, and Dezhou. The strong connection between surface water and groundwater allowed high concentrations of Zn in surface water to infiltrate into groundwater via rainfall and irrigation. Therefore, the Zn component of groundwater may be attributable to an anthropogenic origin.
The second cluster contains Sr derived from natural sources. Although the average concentrations of Sr were the second highest among the 14 analyzed trace metals, no sample has a Sr concentration exceed the drinking water standard in surface water and groundwater (Table 1) . Natural Sr is usually present in the minerals celestine and strontianite in sedimentary rocks (Song et al. 2012) . Therefore, this component may be attributable to a natural origin.
The third clusters includes Cd, Co, Pb, Ni, Mo, V, Cu, Se, Ba, Mn, Al, and B, which are derived from both anthropogenic and lithogenic sources. Considering drinking water standards, the primary pollution components in groundwater are B, Al, Se, Mn, and Ni, with percentage of samples above standards was 100%, 100%, 61%, 39%, and 4.9%, respectively. B and Se are a low-abundance element in the Earth's crust, but naturally occurring water-soluble borates are a common compound on earth in minerals such as Song et al. 2012 ). In the current study, B concentrations in surface water, groundwater or even in Yellow River water were above the MCL (Table 1 ), indicating that it has anthropogenic signatures-for example, use in agrochemical industries or insecticides containing boric acid (Song et al. 2012) . Se concentration is also affected by anthropogenic activities including agricultural, mineral, and urban industrial processes (Li and Zhang 2010) . Al and Ni predominantly originate from pedogenic process and mineral weathering (Li and Zhang 2010) . In addition to the contribution from weathering of parent material and subsequent pedogenesis , Mn is contributed by anthropogenic activities, such as untreated wastes, industrial effluents, and atmospheric depositions (Iqbal and Shah 2013) .
Except for the above five elements that cause pollution, the third cluster was also influenced by Cd, Co, Pb, Mo, V, Cu, and Ba. Co, Cd, Cu, Pb, and Ba originate from urban and industrial activities such as energy production, mining, metal smelting and refining, manufacturing processes, automobile exhausts, and waste incineration (Li and Zhang 2010) . Near the surface, Mo is primarily derived from naturally occurring minerals and V originates from anthropogenic activities such as agricultural processes (Li et al. 2008b) .
Human Health Risk Assessment of Trace Metals in Surface Water and Groundwater
Trace metal pollution has become one of the important issues in environmental sciences. Ingestion of significant amounts of metal-containing drinking water will harm human health, resulting in several types of cancers (Wu et al. 2009; Yu et al. 2010) . Using the measured data for 14 trace metals in water, the HQ of noncarcinogenic hazard, through the ingestion pathway and the dermal absorption pathway, were calculated using USEPA risk assessment models. As shown in Table 2 , HQ values of Zn, V, Se, Mn, and B had higher than those of other trace metals in both surface water and groundwater samples. The average HQ values of Zn in both surface water (1.0) and groundwater (0.8) were highest, followed by V (0.2 for surface water and 0.3 for groundwater, respectively) and Mn (0.1 for surface water and 0.3 for groundwater, respectively) ( Table 2 ). Ç elebi et al. (2014) indicated that higher HQ values (2.7 for Mn and 1 for Zn) were found in groundwater in the Melen watershed, Turkey. In general, when the HQ value of a trace metal is higher than 1, the pollutant might pose potential adverse health effects and there is a need for further analysis (Liang et al. 2011) . The HQ values for each metal, Zn excepted, are all lower than 1. Although Zn is essential for organisms, it will become toxic when its level increases above specific limits (Wang et al. 2011) . Therefore, special attention should be given to the management of Zn pollution in the waters in the study area. Ingestion is the main Zn pathway that negatively affects human health-HQ ingestion is about 100 times HQ dermal ( Table 2 ), indicating that the ingestion pathway can lead to toxic levels more easily than the dermal absorption pathway. Therefore, drinking water should be below the maximum standards to guarantee human health. The average CDI levels for carcinogenic risk, via ingestion exposure, for Cd and Pb were found to be 3.4 × 10 −5 and 5.8 × 10 −4 in surface water, and 5.1 × 10 −5 and 6.9 × 10 −4 in groundwater, respectively. In general, a CDI value of 1.0 × 10 −6 is the limit for acceptable health risk (USEPA 2010). The total CDI of both surface water and groundwater (6.2 × 10 −4 and 7.5 × 10 −4
, respectively) exceeds this acceptable value, indicating an increased cancer risk for individuals because of their lifetime exposure to these carcinogens (Iqbal and Shah 2013) .
There is worldwide water quality deterioration caused by trace metal pollution, and it is primarily attributable to growing industrialization and urbanization along with the intensification of agriculture (Li and Zhang 2010) . Surface water from the Zhangweixin River, Wei Canal, Majia River, and Tuhai River had higher HQs of noncarcinogenic hazard than other rivers ( Figure 5 ). Samples S3, S5, S6, S7, S13, S16, S21, and S44 in the north of the region showed higher non-carcinogenic hazard. Similarly, groundwater in the north of the irrigation district also had a higher noncarcinogenic hazard. A strong hydraulic connection exists between surface water and groundwater (Figure 2 ), so the trace metal pollution may be derived from surface water runoff to Zhangweixin River, Wei Canal, and Majia River in the north of the irrigation district. As most trace metals are non-degradable in the environment, Cd and Pb levels could become toxic even at low input levels. The CDI of carcinogenic risk of the Yellow River, Wei Canal, and Tuhai River is about two times higher than Figure 6 . Spatial pattern of carcinogenic risk of metals in surface water and groundwater. The larger the circle, the higher the CDI values in surface water. Interpolation between groundwater sample points was used in creating the contour maps.
that of the Majia River ( Figure 6 ). The carcinogenic risk from groundwater is serious in the regions the rivers traverse.
CONCLUSIONS
In both surface water and groundwater samples from the study area, the same six trace metal concentrations (Al, B, Mn, Ni, Zn, and Se) were above relevant drinking water standards. Zinc is more highly concentrated than any other trace metals in both surface water and groundwater. Stable isotope data indicates that a strong hydraulic connection exists between surface water and groundwater and the groundwater accepted recharge from those surface water converged by large rain water with heavy depleted isotope compositions in the study region. Consequently, irrigation has a strong impact on the spatial distribution of trace metals in groundwater.
Using CA, 14 trace metals were classified into three distinct main clusters. Zinc is derived from anthropogenic sources and Sr is derived from natural sources. The presence of the other 12 trace metals is attributable to both anthropogenic sources and lithogenic sources.
According to the results calculated using USEPA risk assessment models, Zn poses the most serious non-carcinogenic hazard for local residents-followed by V, Se, Mn, and B. Toxic levels are reached through the ingestion pathway much more easily than through the dermal absorption pathway, so Zn levels in drinking water should be controlled. In the study area, the carcinogenic risk of both surface water and groundwater exceeds the maximum recommended value, which may result in an increased cancer risk for individuals because of their lifetime exposure to the carcinogens (Cd and Pb). Zhangweixin River, Wei Canal, Majia River, and Tuhai River have higher non-carcinogenic hazard than other rivers. Both surface water and groundwater in the north irrigation district have higher non-carcinogenic hazard, suggesting trace metal pollution was derived from surface runoff to Zhangweixin River, Wei Canal, and Majia River in the north irrigation district. The carcinogenic risk from groundwater is serious in the regions the rivers traverse.
